Many features of the Martian landscape are thought to have been formed by liquid water flow 1,2 and water-related mineralogies on the surface of Mars are widespread and abundant 3 . Several lines of evidence, however, suggest that Mars has been cold with mean global temperatures well below the freezing point of pure water 4 . Martian climate modellers 5, 6 considering a combination of greenhouse gases at a range of partial pressures find it challenging to simulate global mean Martian surface temperatures above 273 K, and local thermal sources 7, 8 cannot account for the widespread distribution of hydrated and evaporitic minerals throughout the Martian landscape 3 . Solutes could depress the melting point of water 9,10 in a frozen Martian environment, providing a plausible solution to the early Mars climate paradox. Here we model the freezing and evaporation processes of Martian fluids with a composition resulting from the weathering of basalts, as reflected in the chemical compositions at Mars landing sites. Our results show that a significant fraction of weathering fluids loaded with Si, Fe, S, Mg, Ca, Cl, Na, K and Al remain in the liquid state at temperatures well below 273 K. We tested our model by analysing the mineralogies yielded by the evolution of the solutions: the resulting mineral assemblages are analogous to those actually identified on the Martian surface. This stability against freezing of Martian fluids can explain saline liquid water activity on the surface of Mars at mean global temperatures well below 273 K.
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Was early Mars warm and wet, or cold and dry? Geomorphologies derived from liquid water flowing and ponding on the surface of the planet cover most of the Martian landscape 2 , and there is much evidence of water-related mineralogies on the surface of Mars 3 , implying that early Mars was wet. But several lines of evidence suggest that Mars has also been permanently cold 4 , with mean global temperatures well below the freezing point of pure water. As a way of plausibly raising its surface temperatures above 273 K, climate models consider the addition of appreciable concentrations of CO 2 15 . NH 3 would be consumed by ultraviolet photolysis in less than ten years 16 . Sulphur volatiles have brief residence times in the atmosphere 17 , with no detectable sulphur-containing gases at present. Combinations of CO 2 -CH 4 -NH 3 -SO 2 would provide only modest warrming 12 . Consequently, none of these models solves the problem of liquid water on a probably very cold early Mars. Here we address this early Mars climate paradox by instead modelling the stabilization against freezing of surface liquid solutions with large concentrations of dissolved solutes.
The reduction of the freezing point of aqueous solutions is a function of chemical composition and pressure. On Mars, large evaporitic deposits of sulphates 18 and chlorides 19 , as well as hydrated and anhydrous salts and phyllosilicates 3 , have been detected in numerous locations, showing that the composition of water-related minerals on the Martian surface must have derived from complex multicomponent solutions. More recently, geochemical models of early Mars aqueous solutions suggest salty rather than dilute fluids 20 , and this salty nature of the Martian waters is a prerequisite for our model calculations (see Supplementary Information). To elucidate the thermodynamic behaviour of liquid solutions on early Mars, we have simulated the freezing and evaporation processes of fluids with a composition resulting from the weathering of basalts, as reflected in the chemical compositions at Mars landing sites 21 (Table 1) . For all the modelled compositions, the initial solution salinities in the evaporation series (starting at 275 K) Spirit, 57.93 g l 21 Opportunity), only slightly higher than terrestrial sea water (,3.51%). This is because we impose an equilibrium between Si and amorphous SiO 2 , and so the excess of Si immediately precipitates as amorphous silica until under-saturation is reached. The remaining Si is ultimately involved in the precipitation of phyllosilicates. As the model system evolves, the dropping temperature and the freezing concentration increase the salinities in all cases (Table 2 ). Even at the high salinities reached at very low temperatures, the solutions still have a perfectly liquid appearance and behaviour, consistent with the shape and morphology of the valley networks, outflow channels and gullies seen on Mars, which suggest rapid fluvial flow rather than the slow, halting movement of thick eutectic brines with a high density and viscosity.
A certain degree of atmospheric pressure was necessary both to achieve surface temperatures that allow surface solutions to flow (otherwise global mean temperatures would have always been below 200 K, similar to those today) and to lower the vapour pressure of the liquid solutions with respect to the atmospheric pressure (so that they can exist as liquids without evaporating and becoming crusts of hydrated materials). We assumed a CO 2 atmosphere with an average pressure on the surface of 2 bar. This atmospheric partial pressure p CO2 gives surface temperatures near 245 K (ref. 6) , which is enough warming to enable the flow of the solutions modelled here. However, our model results are independent of the initial p CO 2 in the atmosphere. The same model run with an atmosphere of 10 mbar of CO 2 (which is above the triple point of water, 6.11 mbar) results in very similar outcomes in terms of liquid water stability, and shows only slight differences with respect to the sequence of mineral phase precipitation.
Our goal was to learn how a combination of different processes of evaporation and freezing affect the lowering of the freezing-point temperature of a hypothetical Martian solution. Additionally, our model calculations helped to clarify the sequence of phase formation and destabilization during the temporal evolution of the solution. We developed equilibrium models obtained by inducing lineal processes of evaporation and freezing of the liquid solutions (see Methods section). At subzero temperatures, evaporation and freezing are very efficient at increasing the ionic activity and lowering the freezing point of the solution. Our results on the evolution of residual liquid water and the phase transitions as a function of temperature are presented in Fig. 1 . In all modelled scenarios, a significant fraction of liquid water remains stable at temperatures below 273 K. For example, at temperatures of 263, 250, 245 and 223 K, up to 78%, 22%, 14% and 6% of the original water reservoir remains in the liquid state, respectively. A direct comparison can be done with what is expected to occur in terrestrial sea water, where at 263 and 223 K, 20% and 0.31% of the original water would remain unfrozen 22 . As a result of liquid water loss through freezing and evaporation, a sequence of phase transitions dependent on the saturation equilibrium of the different components in the solution is observed. The sequence of phase precipitation and the freezing point depression both follow the same general trends for each of the landing sites' ionic composition, although minor variations can be observed by introducing changes in the initial ionic concentrations. We also studied how these ionic changes can affect the concrete behaviour of the solutions, and our results are detailed in the Supplementary Information.
In general, a very fast evaporation process would induce a lowering of the freezing point. This is because when the evaporation rate increases with respect to freezing, a smaller fraction of liquid water remains at 250 K, as some water is lost in the evaporation process and in the precipitation of hydrated phases, further concentrating the dissolved species. A fast evaporation yielded the largest drop in freezing point, down to 220 K. But, at the same time, the saturation of many salts increases rapidly, promoting phase precipitation and therefore lowering the concentration of dissolved ions, which favours the formation of ice.
To understand evaporite composition and liquid lines of descent for Mars, we analysed the rate of ice formation in different situations, varying the relative velocity of evaporation versus freezing, and the total number of moles of water evaporated (Fig. 2) . For early Mars, the preferred scenarios are those where evaporation occurred at moderate velocities (20 or 30 steps in Fig. 2a) , and in which a compromise between evaporation, precipitation and freezing rates is reached, and therefore wherein the maximum amount of free liquid water at the minimum possible temperatures is attained. The minimum quantity of liquid water shown in Fig. 2 could be as voluminous as required, depending on an increase in the initial water mass in the system, and an increase in the initial ionic concentration, keeping the relative proportions in weight, which would result in brine formation at the beginning of the process. Therefore, the higher the initial water mass on Mars and its ionic concentration, the higher the mass of the water that would remain in the liquid state at very low ambient temperatures. Also, higher initial water masses will form more dilute solutions, and less initial water will create concentrated brines. Our results predict the precipitation of phyllosilicates starting at 265 K, and therefore at high water activities; while the formation of sulphates would start around 245 K, a situation in which ice would be the dominant water phase in the system. This outcome may reflect a scenario in which initial solutions favourable to the formation of phyllosilicate-type minerals in the Noachian period evolved as Mars gradually dried out into hypersaline solutions more conducive to the synthesis of sulphate-type deposits during the Late Noachian to Hesperian periods 3 . Alternatively, all these mineralogies could be a result of the contemporary evolution of different aqueous solutions under locally diverse environmental conditions.
Although saline solutions may not be responsible for the formation of all of the fluvial features on Mars, the geochemical analysis we present does help to explain the long-term presence of open bodies of salty water on a cold Mars. A combination of atmospheric warming by a mixture of greenhouse gases due to extensive volcanism 23 and obliquity controls on climate 24 , resulting in surface temperatures around 245 K (ref. 6) , and melting point depression of the aqueous solutions via ionic loading that stabilized the liquids at temperatures below 273 K, would have led to the flow of liquid water on the Martian surface. This model combination was only achieved during the early history of Mars, before the significant atmospheric loss that occurred by the end of the Noachian by hydrodynamic and impact escape 25 . However, water-shaped features have formed throughout Martian history, and may even possibly do so today to some extent 26 . Our results are as relevant to recent processes as to early Mars, because qualitatively similar results hold when a few tens of millibars or less of CO 2 are considered. During the Amazonian period, it is more about maintaining stability against desiccation and salt crust formation, keeping the non-eutectic-acid solutions stable as liquids on the surface. Alternatively, the aqueous solutions could be extant beneath the surface at shallow depths and erupt through permafrost. In the Noachian and the Hesperian periods, less than half of the initial liquid water reservoir of Mars would have been lost through evaporation or by entrapment in the crystal structure of the precipitated hydrated salts, further supporting the idea that most of the water on the Martian surface consisted of supercooled water solutions shaping valleys and seas, partly covered by large masses of ice. In such aqueous solutions, the activity of water (a thermodynamic property of solutions that is dependent on temperature and salt concentration) would have almost never reached values below 0.95 (Table 2) , and would thus be very unlikely to challenge any possible early Martian biosphere, as is proposed to have occurred at temperatures above freezing 20 . Our results are compatible with Mars lander and orbiter data and with climate modelling, and suggest a cold and wet early Mars.
METHODS SUMMARY
The geochemical calculations were performed using the Phreeqc2. sequence. Evaporation of 98% of the initial liquid water mass at different velocities, related to the same freezing process, assuming that supersaturated salts were not allowed to precipitate and remained metastable. Ion composition is that in Table 1 for the Opportunity landing site. a, Water mass is 1 kg. The scenario of no evaporation hints at the maximum possible freezing before ice starts to form. In the other scenarios the evaporation velocity is progressively faster with respect to freezing. As the water undergoes evaporation up to 98%, the final masses of ice and water are very small. In the bottom panels, ice formation is barely observed, and the water curve (although the water mass is very small) is always over the ice curve. b, Different scenarios in which we varied both the relative velocity of evaporation versus freezing and the total number of moles of water evaporated.
NATURE | Vol 459 | 21 May 2009
LETTERS analysed at specific temperature steps (40 steps, DT 5 1.375 K, see Supplementary Information), allowing solution/solid-phase equilibration at each one of these steps. For the overall evaporation and cooling calculations, the temperature dependence of the equilibrium constant was modelled using the Van't Hoff expression. The EQ3/6 database provided by the Lawrence Livermore National Laboratory 27 was employed for the calculations. In the version we used, the Phreeqc program implements both the ion-pairing based on the Debye-Hückel approach for the calculation of activities as the product of several fundamental constants 28 , and the Pitzer virial-coefficient model for highly saline solutions or brines 29 . The general system behaviour was modelled with the Debye-Hückel database to obtain the evaporation and freezing guidelines, including silicate behaviour. The final stages of the evaporation process were modelled using the Pitzer database because it is the better approach for high ionic strengths, although it has two main drawbacks: the lack of interaction parameters for aqueous Al and Si species, which precludes any calculations with aluminosilicates; and the very few data available for redox reactions. In our case, Fe 31 values were added to the original Pitzer database by using recent compilations 20, 30 .
